Post-traumatic haemorrhage is the leading cause of death in trauma patients. The development of coagulopathy substantially contributes to bleeding severity and to the ensuing unfavourable outcome. Trauma-induced coagulopathy (TIC) can be seen in 10-25% of patients with major trauma, and its early and appropriate therapeutic management leads to considerable reduction of mortality risk. Due to the extreme complexity of TIC pathophysiology, the limitations of conventional coagulation tests (CCTs) have become evident in recent years. Unlike these routine tests, point of care viscoelastic tests (VET) such as thromboelastogram (TEG) or rotational thromboelastography (ROTEM) provide valuable clinical information by real time assessment of changes in viscoelastic properties of blood throughout clot formation. This review was aimed to collect and discuss available evidence on goal-directed hemostatic resuscitation, based on TEG or ROTEM data. We included studies with patients aged 18 years or older, major trauma, and needing massive transfusions. Overall, 6 studies totalling 1533 patients were finally included. A total number of 288 patients died, 98 of whom in the TEG-or ROTEM-guided cohorts (i.e., intervention groups). A 36% reduction of death was observed in the intervention groups (relative risk, 0.641; 95% CI 0.517-0.795; P<0.001). Our results show that VET-guided management is effective to reduce mortality compared to conventional management with CCTs. Except for mortality, all others endpoints were heterogeneous across the studies. This emphasize the need of scheduling new and well-designed trials, aimed to better define the optimal strategy for TIC management.
Introduction
Physical injuries, especially those attributable to road traffic accidents, are a leading cause of death and morbidity worldwide, accounting for up to 1.5 million annual deaths and thus representing the most common cause of death for subjects aged between 15 to 49 years. [1] [2] [3] The 2002-2004 mortality data from National Statistical Authorities in the 272 European Union regions attests that 6.9% and 3.5% of all deaths in men and women, respectively, were caused by injuries. Nearly 22% of all these fatal injuries could be attributable to transport accidents, especially road traffic crashes, whilst 19 .4% of all injury deaths were actually due to accidental falls. 4 Post-traumatic haemorrhage is the leading cause of death in trauma patients. The development of coagulopathy consistently contributes to the bleeding severity and to the ensuing unfavourable outcomes. 5 Trauma-induced coagulopathy (TIC) can be seen in 10-25% of patients with major trauma, and its early and appropriate management leads to a substantial reduction of mortality risk. [6] [7] [8] [9] The aetiology of TIC has been a matter of speculation for long. The rather simplistic theory, widely acknowledged as the lethal triad theory (i.e., including hypothermia, hemodilution and acidosis), seems insufficient to fully explain the large array of pathophysiologic mechanisms underlying the early and late coagulopathy that often develop after major trauma. 9, 10 Several factors, such as hypofibrinogenemia, release of prothrombotic substances (namely tissue factor) and activation of blood coagulation, consumption or dilution of clotting factors, platelet dysfunction, disseminated intravascular coagulation (DIC) and hyperfibrinolysis have all been implicated. [11] [12] [13] [14] [15] Nevertheless, TIC is currently regarded as a multifactorial condition, which results from a combination of tissue injury and hypo-perfusion. 9, 11 Shock is seemingly the main trigger, whilst the occurrence of tissue damage is a pre-requisite for the onset of TIC. After development and worsening of shock, fluid resuscitation is a mainstay of management, but it further promotes hemodilution, which in turn exacerbates the preexisting coagulation abnormalities. When bleeding cannot be efficiently arrested or controlled, hypothermia and acidosis also develop, thus further worsening the coagulopathy, and possibly triggering DIC, the presence of which characterizes the worst form of TIC. A vicious circle, often leading to patient death, is then established. 16 Tissue inflammation has also been studied as a contributing factor, but evidence on its real contribution to the pathogenesis of TIC remains elusive. 13, 17, 18 TIC usually develops very early, within few minutes after trauma, and this would rule out that the lethal triade should be regarded as a pivotal factor, at least in the earliest phases. Floccard et al. collected blood samples from 45 major trauma patients on the scene, followed by further sampling in the Emergency Department (ED). The authors could identify the presence of coagulation abnormalities in 56% of patients within 25 min from the event, and in as many as 60% of them upon ED admission, which would lead to conceive that TIC may not always be a consequence of fluid resuscitation. 19 TIC is also an independent risk factor for early death, need of blood transfusion, thrombosis and sepsis. 9, 20 Due to the extreme complexity of TIC pathophysiology, the limitations of conventional coagulation tests (CCTs), such as prothrombin time/international normalized ratio, activated partial thromboplastin time, platelet counts and fibrinogen, have become evident in recent years. 21 Unlike these routine laboratory tests, point of care viscoelastic tests (VET) such as thromboelastogram (TEG) or rotational thromboelastography (ROTEM) can provide valuable clinical information by real time assessment of changes in viscoelastic properties of blood throughout clot formation, thus overcoming the many inherent limitations of CCTs (i.e., they only provide information on limited aspects of primary or secondary hemostasis and do not actually mirror clot stability and fibrinolysis). 22, 23 Since blood coagulation is assessed at the bedside rather than with central lab testing, the turnaround time is also consistently shortened using VET. Moreover, TEG and ROTEM are whole blood-based tests, so that they allow investigating the intricate interplay between clotting factors and blood cells, especially platelets (i.e., between primary and secondary hemostasis). The results are generated with a graphic layout and in real time, throughout clot development, at body temperature. 22, 24 Based on this evidence, it has recently been suggested that VETs may replace CCTs for guiding blood component transfusion in trauma patients. 25 Beside trauma-care, these tests are now frequently used in many cardiothoracic surgery or organ transplant centres, where they allow a substantial saving of blood derivatives, and enable achieving better clinical outcomes. 26 Three main strategies are currently used for managing severe bleeding in trauma patients, i.e., i) the hemostatic resuscitation; ii) the goal-directed hemostatic resuscitation approach; iii) the Copenhagen Concept.
Hemostatic resuscitation encompasses an early transfusion strategy based on a fixed erythrocytes:plasma:platelets ratio of 1:1:1, aimed to avoid the so-called dilutional coagulopathy. 6 The Prospective, Observational, Multicenter, Major Trauma Transfusion (PROMMTT) study showed a reduction in mortality, as well as an early achievement of higher plasma and platelet ratios in patients receiving transfusions of at least 3 units of blood products during the first 24 hours after admission. 27 The same Authors, arguing whether or not the 1:1:1 ratio is the optimal resuscitation strategy for all seriously injured patients, have hence planned the only randomized prospective study available so far to test this hypothesis. In the PROPPR Trial, the 1:1:1 and 1:1:2 (plasma, platelets, red blood cells) ratios were compared. Notably, no significant difference was observed for 24 hours mortality rate, whilst exsanguination (i.e., the predominant cause of death within the first 24 hours) was found to be significantly decreased in the 1:1:1 group. A higher number of patients in the 1:1:1 group also achieved effective hemostasis than in the 1:1:2 group. Albeit the 1:1:1 group received more plasma and similar amounts of red blood cells units during the first 24 hours, no difference between the two groups could be observed for acute respiratory distress syndrome, multiple organ failure, venous thromboembolism, sepsis and transfusion-related complications. 28, 29 The goal-directed hemostatic resuscitation strategy entails the early goal concept of selective administrating clotting factors, associated with the damage control strategy, aimed to avoid colloid administration during resuscitation. This approach is based on the use of VETs for monitoring the evolution of TIC combined with administration of specific clotting factors (i.e., fibrinogen, prothrombin complex, factor VII or factor XIII) when appropriate and needed. [30] [31] [32] [33] The Copenhagen Concept lies in between the two formerly cited strategies, by proposing early hemostatic resuscitation with fixed erythrocytes:plasma:platelets ratio of 1:1:1, then followed by a more thoughtful administration of clotting factors, mostly guided by results obtained using either TEG or ROTEM. 34 The European Guidelines suggest an initial administration of fresh frozen plasma (FFP) (Grade 1B recommendation) or fibrinogen (Grade 1C recommendation) in patients with massive bleeding. When further FFP needs to be administered, the guidelines suggest an optimal FFP: red blood cell ratio of at least 1:2 (Grade 2C recommendation).
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Methods of research
Based on the aforementioned preliminary data, a number of studies have been published on VETs-guided management of severe bleeding in trauma patients. Therefore, the aim of this study is to collect and discuss the available evidence on goal-directed hemostatic resuscitation regarding the clinical management of severe bleeding in trauma patients.
An electronic search was conducted in Medline (PubMed interface) using the keywords "thromboelastography", "TEG", "thromboelastometry", "ROTEM" and "trauma patients", limited to the past 30 years and with no language restriction. Overall, 213 studies could be identified, 43 fulfilled the inclusion criteria and 6 could then be included in meta-analysis. A total number of 37 studies were excluded due to inappropriate patient population or study design (i.e., paediatric or surgical patients, comparison between TEG and rapid-TEG, review articles). Our analysis only included studies with patients aged 18 years or older, major trauma, and needing massive transfusions. After application of these inclusion and exclusion criteria, 6 studies, totalling 1533 patients, could be included in our study. With the only exception of the randomized controlled trial published by Gonzalez et al., 30 the remaining studies were cross-sectional and retrospective (i.e., groups conventionally managed versus groups treated with goal-directed hemostatic resuscitation). The main endpoints included mortality, need for transfusions, hospital length of stay (LOS) and intensive care unit (ICU) LOS. The characteristics of the 6 studies are summarized in Table 1 . [30] [31] [32] [33] 36, 37 A random-effects model (DerSimonia-Laird method) or a fixed-effects model (Mantel-Haenszel method) were then applied when significant (I 2 ≥50% and P<0.1) or insignificant heterogeneity could be calculated. Heterogeneity was tested by estimating the proportion of between-study inconsistencies due to actual differences among studies rather than differences due to random error or chance, using the I 2 statistic.
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N o n -c o m m e r c i a l u s e o n l y Results
The main characteristics of the studies included in this analysis are shown in Table 1 . The injury severity score differences of patients included in the 6 studies did not reach statistical significance (Figure 1 ; 95% CI -0.157-0.090; P=0.597).
Overall, 288 patients died in the 6 studies, 98 of whom in the intervention (i.e., VET-guided management) groups. A significant reduction of death was found in the intervention groups (relative risk, 0.641; 95% confidence interval [95% CI], 95% CI 0.517-0.795; P<0.001) (Figure 2) .
Regarding the specific studies, Yin et al. reported a non-significant reduction in transfusion needs (red blood cell, 5 vs 6.5 units, P=0.22; platelets 0 vs 0 units, P=0.15; FFP, 5.7 vs 6.1 units, P=0.54). A trend toward a greater LOS was found in the interventional group (ICU LOS 12.2±11.8 vs 8.1±5.5 days, P=0.28; Hospital LOS 15.6±12.7 vs 11.3±6.2 days, P=0.10). 33 Schochl et al. failed to find a significant difference in ICU LOS (14.5 vs 14.0 days, P=0.95), whilst Hospital LOS was significantly decreased in the intervention group (23 vs 32 days, P<0.005). Patients in control group received a median of 6 FFP Units, whilst those in the intervention group received a median of 6 g of fibrinogen concentrate and 1200 IU of prothrombin complex. Blood transfusion could be avoided in 29% of patients in the intervention group compared to only 3% in the control group (P<0.001). Platelet transfusion was avoided in 91% of patients in the intervention group compared to 56% in the control group (P<0.001). 31 Nardi Unlike the previous studies, Tapia et al. separated blunt from penetrating trauma patients, concluding that TEG-guided resuscitation was similar to standardized massive transfusion protocols in blunt trauma patients receiving 6 units or more of red blood cells and in penetrating trauma patients receiving 10 units or more of red blood cells. Nevertheless, higher mortality was observed with massive transfusion protocols in penetrating trauma patients receiving 10 units or more of red blood cells, thus emphasizing the importance of continuous TEG-guided therapy. This would lead to conclude that a 1:1:1 strategy may not be adequate in all patients. 32 In the only prospective randomized trial published by Gonzalez et al. (including a total number of 111 patients) , patient survival in the TEG group was found to be significantly higher than in the CCTs group. More specifically, 20 deaths could be recorded in the CCTs group (36.4%) compared to 11 in the TEG group (19.6%; P=0.049), respectively. Most deaths occurred within the first 6 hours (21.8% in CCTs group vs 7.1% in TEG group; P=0.032). Although CCTs patients needed a similar number of red blood cell units as TEG patients, patients in the CCTs group received more FFP and platelets units in the first 2 hours of resuscitation. 30 In the last study, Wang et al. 37 reported a significant difference between the intervention and control groups for all the endpoints studied (red blood cells, 4±7 
Discussion and Conclusions
The results of this analysis show that up to 36% lower mortality can be reached in major trauma patients whose treatment is guided by VET than in these conservatively managed with CCTs. The intervention group (i.e., VET-guided treatment) included patients managed according to TEG or ROTEM data, following the so-called goal-directed hemostatic resuscitation. This approach was also associated with a broadly variable (i.e., due to the heterogeneity of the studies) lower use of blood products, thus achieving the goal of optimizing administration of these therapeutic products, which are not completely free from side effects. Beside viral infections, the use of FFP is associated with a higher risk of acute lung injury (transfusion related acute lung injury or acute respiratory distress syndrome), fluid overload, immune system depression. Little dose of FFP is not efficient to completely correct TIC, whilst larger amounts generate a dilutional effect of blood cells, which then needs further transfusion of packed red blood cells. 21, 38 The effectiveness of VETs guidance in resuscitation has been recognized for decades in the area of cardiothoracic surgery and organ transplantation. Regarding massive trauma, only retrospective observational studies have been published so far, except for that of Gonzalez et al. 30 There is a rather long history on VETs use on clinical practice, which commenced early after the pioneering work of Hellmut Hartert, in 1948, who described the hemostatic potential of whole blood samples using TEG. 39 The first clinical use of TEG to guide blood component transfusion in trauma populations can be brought back to the Vietnam War, in the late 1950s. 40 VETs display several advantages compared to CCTs, but are plagued by some limitations. These tests, for example, have heterogeneous sensitivity for diagnosing hyperfibrinolysis. 41, 42 Moreover, they are carried out at standard human body temperature (i.e., 37°C), so that hypothermic patients should be rewarmed. 43, 44 In the hemorragic patient, low hematocrit may worsen bleeding in vivo, but is effective to improve some VETs variables in vitro. VETs results, therefore, should be interpreted according to severity of anemia, hemodilution and some other clinical parameters. 45, 46 Notwithstanding these limitations, our study attempted to provide some reliable evidence on the practical use of VETs for guiding resuscitation in trauma patients. Except for mortality, for which a significant trend toward reduction could be clearly demonstrated, the data of all the others endpoints were largely heterogeneous across the various studies. This emphasize the need of planning new and well-designed trials, aimed to better define the optimal strategy for TIC management.
In conclusion, the use of VETs for managing massive trauma patients may be effective for optimizing the administration of blood products and for lowering mortality. However, before VETguided therapeutic management of TIC patients can be widely recommended, their limitations need to be acknowledged and addressed. These typically include quality assurance and availability of trained personnel capable to perform and interpret the test in a typical extra-laboratory environment (e.g., the ICU). However, the use of VET-guided administration of blood components and hemostatic agents for damage control resuscitation is now becoming a more widely accepted strategy for trauma patients. Specific training will be needed for using these tests by emergency physicians, trauma surgeons, anesthesiologists and other trauma-related staff. With only one exception, randomized controlled trials on the use of VETs are substantially lacking in TIC, which may be seen as a serious threat for widespread use of this promising tests in routine management of massive trauma patients. 
